Abstract. The primary goal of this study was to generate a near-real time (NRT) aerosol optical depth (AOD) product capable of providing a comprehensive understanding of the aerosol spatial distribution over the Pacific Ocean, in order to better monitor and track the trans-Pacific transport of aerosols. Therefore, we developed a NRT product that takes advantage of observations from both low-earth orbiting and geostationary satellites. In particular, we utilize AOD products from the Moderate Resolution Imaging Spectroradiometer (MODIS) and Suomi National Polar-orbiting Partnership (NPP) Visible Infrared Imaging Radiometer Suite (VI-IRS) satellites. Then, we combine these AOD products with our own retrieval algorithms developed for the NOAA Geostationary Operational Environmental Satellite (GOES-15) and Japan Meteorological Agency (JMA) Multi-functional Transport Satellite (MTSAT-2) to generate a NRT daily AOD composite product. We present examples of the daily AOD composite product for a case study of trans-Pacific transport of Asian pollution and dust aerosols in mid-March 2014. Overall, the new product successfully tracks this aerosol plume during its trans-Pacific transport to the west coast of North America as the frequent geostationary observations lead to a greater coverage of cloud-free AOD retrievals equatorward of about 35 • N, while the polar-orbiting satellites provide a greater coverage of AOD poleward of 35 • N. However, we note several areas across the domain of interest from Asia to North America where the GOES-15 and MTSAT-2 retrieval algorithms can introduce significant uncertainties into the new product.
Introduction
Although stricter emission control standards in the United States have led to a reduction in the domestic emissions of particulates since the 1980s, degraded air quality conditions over the western United States have occurred due to foreign dust and pollution aerosols (Yu et al., 2012) . For instance, the expanding cities and rapid industrialization of East Asia are major source regions of pollution emissions while biomass burning across Southeast Asia releases smoke into the atmosphere (e.g., Streets et al., 2003) . In addition, frequent dust storms originate from the Taklamakan and Gobi deserts in the late winter and early spring, with a daily average dust emission of 1.58 million tons in April . These smoke and dust aerosols combine with the other pollutants in a trans-Pacific transport that occurs frequently during late winter and early spring when the East Asian winter monsoon is near its peak strength . This East Asian winter monsoon brings cold, dry air outbreaks, leading to strong surface winds that can efficiently pick up dust from the deserts. Once lofted in the atmosphere, the dust, smoke, and pollution aerosols are quickly transported to the western Pacific by a persistent offshore wind flow from the Asian continent (Talbot et al., 1997) . Then, the aerosols are carried by strong mid-to upper-level westerly winds across the Pacific to the western United States where they can be transported from the free troposphere towards the ground. These transported aerosols can reduce the air quality across the United States which can increase the risk of
Published by Copernicus Publications on behalf of the European Geosciences Union. 2464 A. R. Naeger et al.: Monitoring and tracking the trans-Pacific transport of aerosols lung cancer and cardiopulmonary mortalities (e.g., Pope et al., 2002) . Consequently, limiting domestic emissions in the United States alone does not assure that the aerosol effects on human health will be reduced, as the total mass of aerosols entering the United States from overseas is similar to that emitted domestically (Yu et al., 2012) . Not only can aerosols degrade the air quality, but they can also have direct and indirect radiative effects in the atmosphere through interaction with solar radiation and clouds which can have significant impacts on the climate and weather (e.g., Khain et al., 2005; Ault et al., 2011; Naeger et al., 2013a) . Therefore, it is important that we continuously monitor aerosols at a global scale, and determine their concentration and spatial variability, especially during the late winter and early spring period when the trans-Pacific transport of Asian aerosols occurs rather frequently.
A major issue when attempting to monitor aerosols across the Pacific is the large amount of cloud cover that often resides over this region. Mace et al. (2009) used merged data from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) and CloudSat satellite to show that cloud cover exceeded 90 % throughout the North Pacific between July 2006 and June 2007. Aerosol optical depth (AOD) retrieval algorithms generally disregard AOD in cloudy regions via cloud screening techniques due to the difficulty in separating the visible reflectance of aerosols and clouds that lead to biases in the retrievals. However, even the more robust cloud screening techniques, such as those used for the Moderate Resolution Imaging Spectroradiometer (MODIS) , are unable to detect all clouds due to the highly diverse surface and atmospheric conditions that exist across the Earth . Further complicating matters include the adjacency effect where reflected light from clouds can brighten nearby cloud-free pixels (e.g., Wen et al., 2001) . Zhang et al. (2005) found that cloud contamination and adjacency effects lead to an overestimation of 10-20 % in the monthly averaged MODIS AOD over oceans. The MODIS Collection 6.0 AOD product has been refined to reduce the cloud contamination issues in Collection 5.1 . Nonetheless, cloud cover continues to hinder our ability to monitor the trans-Pacific transport of aerosols when using observations from passive (low-earth orbiting, LEO) satellites alone. There has been recent progress in retrieving AOD for absorbing aerosols above clouds from MODIS (Jethva et al., 2013; Meyer et al., 2015) and the Ozone Monitoring Instrument (OMI) (Torres et al., 2012) , which could prove very beneficial for tracking the trans-Pacific transport of aerosols. These retrieval techniques take advantage of the highly reflective nature of clouds along with the absorption characteristics of aerosols in the near-UV to visible wavelengths to retrieve AOD when aerosols are lofted above clouds. However, these retrieval techniques rely on a larger number of assumptions than cloud-free aerosol retrievals, which often leads to significant uncertainties of greater than 50 % (Jethva et al., 2013; Torres et al., 2012) . The CALIPSO satellite carries the active Cloud-Aerosol Lidar and Orthogonal Polarization (CALIOP) instrument that is more equipped for detecting aerosol plumes above cloud layers (Winker et al., 2010) . However, the CALIOP is of limited value for monitoring the spatial variability of aerosols due to its extremely narrow field of view; therefore, it will only be used to help validate our product.
US air quality agencies (e.g., Environmental Protection Agency, EPA) rely on near-real time (NRT) aerosol products to help provide better forecasts while incorporating the NRT data into their analysis (Al-Saadi et al., 2005) . By providing the public with more accurate air quality forecasts, individuals can appropriately adjust their outdoor activities to avoid exposure to poor air quality conditions which can have harmful health impacts. Furthermore, the aerosol indirect effects have recently been incorporated into the Rapid Refresh (RAP) operational model forecast system at the NOAA National Centers for Environmental Prediction (Benjamin et al., 2016) . Currently, aerosol fields initialized in the RAP model are based on climatology. Thus, NRT aerosol products can be used to help initialize these operational forecast models with a realistic depiction of the aerosol conditions.
In this study, we merge observations from LEO and geostationary (GEO) satellites in order to develop a NRT 6-hourly and daily AOD composite product centered over the Pacific Ocean. The new product will demonstrate the benefits of merging LEO and GEO satellite observations for tracking aerosol plumes in the atmosphere and has the potential to be useful for data assimilation and aerosol forecasting. For instance, the National Aeronautics and Space Administration (NASA) Goddard Earth Observing System version 5 (GEOS-5) model (Rienecker et al., 2008; Molod et al., 2012) only assimilates aerosol observations from MODIS, but having more frequent satellite observations such as from this study may help model simulation and forecasting of aerosol fields. In the following sections, we discuss the data products used in this study (Sect. 2), present the methodology for generating the NRT AOD composite product (Sect. 3), show results from a case study of trans-Pacific transport of Asian aerosols (Sect. 4), discuss uncertainties (Sect. 5) and validation (Sect. 6), and conclude with a summary and discussion (Sect. 6). Table 1 provides a detailed summary of the different satellites and aerosol retrievals used in generating our NRT 6-hourly and daily AOD composite product.
Data

MODIS
We utilize the MODIS instrument on board the LEO Aqua and Terra satellites, which has 36 spectral bands with center wavelengths between 0.41 and 14.5 µm and spatial resolu- tions of 250, 500, and 1000 m. In general, the MODIS team retrieves AOD by comparing the reflectances from the solar bands to a look-up table of computed reflectances based on sun/satellite geometry, surface reflectance, and aerosol type . AOD products have been under development by the MODIS team with the most recent release of the Collection 6 Level 2 AOD product .
In this study, we use the Collection 5.1 Level 2 AOD product, since a NRT version for Collection 6 was not released until early 2016. The Collection 5.1 release of MODIS dark target algorithm provides a 10 km AOD product with uncertainties over ocean and non-bright surfaces of ±0.03 ± 0.05 × AOD and ±0.05 ± 0.15 × AOD, respectively Levy et al., 2010) . MODIS AOD is usually retrieved with rather low uncertainties due primarily to the availability of numerous spectral bands. For example, the MODIS team uses seven reflective solar bands to help distinguish between aerosol types in the atmosphere, which has led to the development of a complex aerosol retrieval that uses a total of 14 different aerosol models, nine over ocean and five over land (Levy et al., 2007b) . The ocean aerosol models use optical properties representative of four types of water-soluble particles, three types of wet sea salt particles, and two types of dust-like particles. Although MODIS retrieval over land only uses five aerosol models (continental, generic, non-absorbing urban-industrial, absorbing smoke, and spheroid dust), these models separate between soluble, dust, and soot-mode particles for the continental aerosol model, and accumulationand coarse-mode particles for the other four models. A noteworthy strength of the MODIS AOD retrieval algorithm is the use of the spheroid dust model , which can lead to significant improvement in characterizing the scattering of dust aerosols compared to spherical models and, consequently, reduce uncertainties in AOD (Dubovik et al., 2002; Levy et al., 2007b) . The 36 spectral bands of MODIS are also utilized to develop a robust cloud mask that prevents cloud contamination from impacting the AOD retrievals. For instance, thin cirrus clouds are difficult to detect and can cause biases in AOD when located above aerosols (Huang et al., 2011) ; however, the 1.38 µm band on board MODIS helps mask these clouds and reduce uncertainties in AOD . MODIS also carries the 0.47, 0.66, and 2.12 µm bands that help reduce AOD uncertainties by improving the estimation of surface reflectivity over dark land surfaces, such as vegetation and soils (Levy et al., 2007a) . Note that the NRT version of the Collection 5.1 AOD product is distributed with an average latency of approximately 90 min via NASA's Land and Atmosphere Near real-time Capability for Earth observing system (LANCE) data system.
VIIRS
In addition to MODIS, our NRT product incorporates AOD retrievals from the Visible Infrared Imaging Radiometer Suite (VIIRS) on board the Suomi National Polar-orbiting Partnership (NPP) satellite (Jackson et al., 2013) . The VI-IRS instrument with its 22 spectral bands was designed to continue the decade-long success of retrieving AOD from MODIS; therefore, the VIIRS AOD retrieval algorithm has similar strengths to MODIS. For instance, the VIIRS aerosol retrieval uses the same nine ocean aerosol models as discussed for MODIS. The only minor difference between these ocean aerosol models is the very minimal difference in band wavelengths. Although both VIIRS and MODIS use five different aerosol models over land, they use different values of mean radius, standard deviation of volume distribution, and refractive indices to represent each model. Additionally, the dust aerosol models over land for these LEO retrievals differ in that the VIIRS dust model is based on Mie-scattering calculations that assume spherical particles while MODIS accounts for non-spherical particles. As a result, we expect VIIRS AOD to encounter higher uncertainties than MODIS when retrieving AOD for dust plumes over land. In addition, there are some significant differences between the VIIRS and MODIS cloud masks and internal screening tests (Jackson et al., 2013) . Nevertheless, Liu et al. (2014) conducted an extensive validation of VIIRS AOD against the Maritime Aerosol Network (MAN) where they found that 71 % of VI-IRS retrievals were within the expected uncertainty range of MODIS retrievals over ocean.
Although VIIRS follows the same orbit track as MODIS Aqua, it is capable of providing additional information on the spatial distribution of AOD due to a wider swath width and higher spatial resolution at swath edge than MODIS (Hillger et al., 2013) . VIIRS has a swath width of 3000 vs. 2330 km for MODIS and a spatial resolution at swath edge of approximately 1.5 vs. 5 km for MODIS. We process AOD data from the VIIRS aerosol Environmental Data Record via the NOAA Comprehensive Large Array-data Stewardship System (CLASS) subscription service. However, the VIIRS AOD product via NOAA CLASS has approximately a 7 h latency (i.e., time between the satellite observation and availability of the data product) compared to the 90 min latency of MODIS AOD via NASA LANCE data system. Consequently, VIIRS retrievals are only incorporated into our daily 24 h AOD composite product and not into our 6-hourly product.
GOES-15 and MTSAT-2
Even though the advanced MODIS and VIIRS instruments provide high-quality AOD retrievals, they fly on board LEO satellites that observe the same location only once per daytime period. Thus, cloud cover can lead to large gaps in the coverage of AOD when only analyzing data from instruments on board LEO satellites, especially over the generally cloudy Pacific Ocean. To mitigate this issue and more effectively track the trans-Pacific transport of aerosols, we incorporate the high temporal resolution measurements from the NOAA Geostationary Operational Environmental Satellite (GOES-15) and Japan Meteorological Agency (JMA) Multifunctional Transport Satellite (MTSAT-2) geostationary platforms into the NRT AOD composite product. This study uses the northern hemispheric scan modes with a 30 min temporal resolution for both GOES-15 and MTSAT-2. The high temporal resolution of these GEO sensors can lead to a higher frequency of cloud-free observations than that provided by the LEO sensors, which can help increase the spatial coverage of AOD.
The major disadvantage of these imagers on board the GOES-15 and MTSAT-2 is that they only have five spectral bands, consisting of one visible and four infrared bands (Table 2 ), compared to the 22 and 36 bands of MODIS and VIIRS. Consequently, these GEO sensors are very limited in their capability to distinguish between various aerosol types in the atmosphere; therefore, we are unable to replicate the complex aerosol retrievals of MODIS and VIIRS. Instead, we develop simplified aerosol retrievals based on only two aerosol models (continental and desert) as discussed in Sect. 3.3. Similar to the VIIRS retrieval, the desert aerosol model used in these GEO retrievals assumes spherical particles. The surface reflectance retrievals (Sect. 3.2) and cloud masks (Sect. 3.4) developed for these GEO sensors are also less robust than the LEO sensors due to the lower availability of spectral bands. As a result, AOD retrievals from these GEO sensors will typically have higher uncertainties than those from LEO sensors as shown by the validation study of Paciorek et al. (2008) where the GOES AOD uncertainty range over dark land surfaces was 18-34 % with lower values expected over water. Similar uncertainties were associated with a MTSAT AOD retrieval algorithm when validated against ground-based instrumentation at the AErosol RObotic NETwork (AERONET) stations (Kim et al., 2008) . Note that easily accessible archives containing AOD data are not available for the MTSAT-2 satellite; therefore, we develop our own retrieval algorithms for the GEO sensors in order to ensure a consistency between their algorithms. Nevertheless, the GOES AOD retrieval algorithm developed for this study has similarities to the GOES Aerosol/Smoke Product (GASP) discussed in Prados et al. (2007) . The latency of our GOES and MTSAT AOD retrievals is typically less than 30 min.
AERONET
In this study, we use ground-based instrumentation at AERONET stations to assist with developing accurate AOD retrieval algorithms for the GOES and MTSAT satellites. AERONET stations are located throughout the globe, but we focus on 10 of those set across eastern Asia, since aerosols usually propagate over this region prior to their trans-Pacific transport. The sun-sky radiometer instruments at the AERONET stations provide very accurate measurements of aerosol optical properties from the ultraviolet to the near-infrared (Holben et al., 1998) . We utilize AOD and single scattering albedo (SSA) data at 500 and 675 nm, then calculate the Ångström exponent by logarithmic interpolation between these wavelengths to derive AOD at 550 nm. Reported uncertainties for the Level 2.0 cloud-screened and quality-assured AOD and SSA retrievals are approximately ±0.02 and ±0.07, respectively (Schmid et al., 1999; Dubovik et al., 2000) . The interpolation method to derive AOD at 550 nm introduces an additional uncertainty of 0 to 10 % . At the time of this study, Level 2.0 data are not available at a number of AERONET stations across East Asia; therefore, we utilize the Level 1.5 cloud-screened data for these particular stations.
MISR
We also utilize AOD retrievals from the Multi-angle Imaging SpectroRadiometer (MISR) on board the Terra satellite to compare against the NRT AOD composite product. The MISR instrument observes the Earth in four spectral bands (0.446, 0.557, 0.671, 0.866 µm) and has nine cameras operating at nine different angles, four in forward, four in backward, and one in nadir direction. Its swath width is about 360 km (Diner et al., 2002) , and due to the narrow swath width, near global coverage is obtained in 8-9 days at the equator and 2 days near the poles. The relevant MISR data set for this paper is the Level 2 aerosol data (MIL2ASAE) containing AOD at four spectral channels. A detailed description of the aerosol algorithm is given in Kahn et al. (2005) . MISR AOD data over ocean were found to be positively biased by about 0.04 when validated against surface-measured AODs via the Maritime Aerosol Network (MAN) (Witek et al., 2013) . In order to compare against the NRT AOD composite product, the MISR 0.557 µm AOD at 17.6 km spatial resolution has been gridded to 0.5 • × 0.5 • resolution.
CALIPSO
The Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) carries the active CALIOP instrument that emits pulses of light at 532 and 1064 nm to produce vertical profiles of the atmosphere (Winker et al., 2003) . CALIOP has the unique ability to measure aerosols above clouds; therefore, we use the Level 1B 532 attenuated backscatter profiles to help confirm areas of high AOD among clouds in the AOD composite product. In addition, CALIOP measures the altitude where aerosols are located in the atmosphere, which we use as an input into the NOAA Hybrid Single-Particle Lagrangian Integrated Trajectory Model (HYSPLIT) to forecast the transport path of Asian aerosols. Note that AERONET, MISR, and CALIOP data are only used to help validate our AOD composite product. In other words, AOD retrievals from these instruments are completely independent of our product.
Methodology
The schematic flow diagram in Fig. 1 shows the steps involved in generating the NRT AOD composite product. In this section, we discuss each of these steps, but place much of the focus on the four major steps involved in the MTSAT and GOES AOD retrieval algorithms (right side of Fig. 1 ).
Clear-sky background image
In order to effectively describe the MTSAT and GOES retrieval algorithms, we present an example of how AOD is retrieved for a MTSAT-2 image on 18 March 2014 at 05:00 UTC when a polluted dust plume was being transported over the Yellow Sea and Sea of Japan. For the MTSAT-2 imager visible data, we must convert the nominal reflectance (ρ nom ) to a calculated reflectance using the monthly linear regression coefficients provided by the Meteorological Satellite Center of JMA. Reflectance measured by a satellite sensor is the fraction or percentage of the incoming solar radiation that is reflected or scattered by the surface and
atmosphere back towards the satellite. Equation (1) shows how the ρ nom (unitless) is converted to the calculated or satellite reflectance (ρ sat ) in percentage where C 0 and C 1 are the unitless intercept and slope linear regression coefficients, d is the Earth-Sun distance in astronomical units, and θ 0 is the solar zenith angle. The linear regression coefficients for March 2014 are 1.2257 and −0.0006 for C 0 and C 1 , respectively. The first step of the MTSAT AOD retrieval algorithm is to gather visible imagery data at 05:00 UTC beginning 19 February through 18 March (28 total) and calculate ρ sat . Then, we find the second lowest ρ sat for each pixel during the 28-day period, which generates the clearsky background (ρ min ) image. The same approach is taken to generate the ρ min for the GOES-15 imager except that the ρ sat is calculated based on calibration coefficients provided by the NOAA NESDIS Center for Satellite Applications and Research (STAR). Note that we chose the 28-day period after conducting sensitivity tests using 21-, 24-, 28-, and 35-day periods, which is discussed in Sect. 5. Although our sensitivity tests indicated that 28 days is the optimal period, the variation in solar geometry throughout the 4-week period can still lead to considerable uncertainties, especially at lower surface reflectances.
Surface reflectance (R sfc ) retrieval
For the second step, we retrieve the surface reflectance (R sfc ) by removing the atmospheric effects from the ρ min image via a look-up table (LUT sfc ). The LUT sfc is generated using the Version 1.1 of the Second Simulation of a Satellite Signal in the Solar Spectrum Vector (6SV) radiative transfer model (RTM) (Kotchenova et al., 2006; Kotchenova and Vermote, 2007) 6SV code. The highly accurate 6SV code contains the same atmospheric correction procedure used by the MODIS team (Vermote and Kotchenova, 2008) . However, in developing the LUT sfc , we are required to make some assumptions regarding the state of the atmosphere throughout the ρ min image. First, in order to remove the atmospheric effects, we used temperature, water vapor, and ozone information from the US standard profiles already available in the 6SV code. Our sensitivity tests in Sect. 5.1 show that using US standard profiles causes uncertainties in AOD of less than 1 %, which agrees with the findings of . Second, we assume a background AOD of 0.05 since the visible bands on board the MTSAT-2 and GOES-15 satellites have been shown to be insensitive to low concentrations of AOD (Knapp et al., 2005) . After making these assumptions, the 6SV code is used to simulate the top of atmosphere reflectance (ρ toa ) values for a range of 16 θ 0 , 16 viewing zenith angles (θ ), 15 ϕ, and 8 R sfc (i.e., LUT sfc ). We search the LUT sfc for the solar/satellite geometry that most closely matches that for each pixel in the MTSAT-2 and GOES-15 imager scan. After identifying the solar/satellite geometry match, we retrieve the R sfc for each pixel by interpolating ρ min to the simulated ρ toa values. Figure 2a displays the MTSAT-2 imager ρ sat on 18 March 2014, where a plume of dust and pollution extending from China to over the Sea of Japan trails behind a frontal band associated with a lowpressure system near Japan. The R sfc retrievals for each pixel in the MTSAT-2 imager scan are shown in Fig. 2b where we only retrieve the R sfc when the θ 0 and θ is less than 70 • as AOD retrievals at larger angles are associated with significant uncertainty (e.g., Ignatov and Stowe, 2002) . Additionally, AOD is not retrieved for the pixels highlighted in red (R sfc > 35 %), since they are likely contaminated with either cloud, snow, or ice. However, we are able to attempt an AOD retrieval for the majority of the pixels in the R sfc image as most of the scene appears to be uncontaminated.
AOD retrieval
The third step consists of retrieving the GOES and MTSAT AOD via additional LUTs, which are created similarly to LUT sfc except that we use the 6SV code to simulate the ρ toa for seven different AODs in addition to the range of θ 0 , θ , ϕ, and R sfc used in creating LUT sfc . The most significant assumption in creating these LUTs is the selection of the aerosol model, as the simulated ρ toa can vary greatly based on the optical properties of the aerosols. Thus, prior to selecting an aerosol model for our domain, we conduct a detailed comparison between the observed ρ sat and simulated ρ toa using seven different 6SV aerosol models for 24 unique cases occurring over AERONET stations across eastern Asia during March and April 2014. Overall, this comparison showed that selecting the 6SV continental and desert aerosol models would introduce the least amount of uncertainty compared to the other aerosol models available in the code, which is discussed in Sect. 5.3. Therefore, to represent these aerosol models we create two separate LUTs for retrieving AOD, LUT cont and LUT dust . We retrieve AOD based on these LUTs by using the R sfc from the surface reflectance retrieval step and then interpolating ρ sat to the simulated ρ toa values to retrieve the AOD. Note that we do not invoke the LUT dust unless a pixel passes a handful of dust detection techniques that are explained in Sect. 3.4. In addition, separate LUTs were generated for the visible bands of the MTSAT-2 and GOES-15 imagers due to having unique spectral response functions. The spectral response functions for the visible bands on board these satellites were not available in the 6SV1.1 RTM; therefore, we updated the 6SV source code to account for these bands prior to producing the LUTs.
Cloud and dust detection
For the fourth and final step of the MTSAT and GOES retrieval algorithms, we use cloud and dust detection procedures to disregard contaminated AOD retrievals and identify any pixels influenced by dust. Developing accurate cloud detection algorithms for these GEO satellites is not a trivial step due to their lower spatial resolution and limited number of spectral bands. In an effort to obtain as much information as possible from four spectral bands (6.7 µm water vapor band is not used), we extract reflectance and temperature from the 3.9 µm band based on Mecikalski et al. (2010) . Then, we use spectral, spatial, and temporal techniques based on the reflectance and temperature information from the four spectral bands to identify clouds and dust in each satellite image. The cloud/dust detection techniques for these satellites are similar, even though the GOES imager has a 13.3 µm band instead of the 12.0 µm band on board MTSAT. However, we were able to develop more sophisticated dust detection techniques for MTSAT, as dust particles have a larger imaginary index of refraction at 10.8 µm compared to 12.0 µm, while most other aerosol and cloud types show an opposite trend (Ackerman, 1997) . This can influence a negative difference between the 10.8 and 12.0 µm bands, which can be used to identify dust aerosols (Sokolik, 2002; Naeger et al., 2013b) . In this paper, we will only briefly step through the MTSAT cloud/dust detection procedure (Table 3 ), but will note any important differences that arise in the GOES procedure. The techniques shown in Table 3 were developed after close examination of dozens of MTSAT satellite images involving cloud and aerosols throughout the year 2014. Thus, this procedure can be applied during any season, but note that it will generally overestimate cloud coverage, as its main purpose is to prevent subpixel cloud contamination and cloud adjacency effects from impacting the AOD retrievals. The spatial techniques help greatly with disregarding AOD retrievals impacted by these cloud effects over both land and ocean, but they work especially well over the homogeneous ocean surface where the thresholds for cloud detection were able to be set to lower values. Note that we also detect and screen out all possible sunglint-affected pixels during this step. Figure 2c shows the overall results of the cloud/dust procedure for θ 0 and θ < 75 • on 18 March 2014 at 05:00 UTC. We run the procedure in the same order as shown in Table 3. After passing one of the spectral, spatial, or temporal techniques, the pixel is immediately labeled as cloudy using the corresponding number in the right-hand column. A Table 3 . MTSAT cloud clearing algorithm with the various techniques and thresholds in the left column; the center column shows the conditions when the techniques are used, and the technique no. relating to cloud/dust detection algorithm results in Fig. 2c is in pixel must fail all the cloud detection techniques to be labeled cloud-free. We only retain AOD retrievals that are associated with cloud-free pixels. Approximately 80 % of the valid MT-SAT pixels are labeled as cloud and the spectral techniques detect about 71 % of these clouds. Spectral technique no. 3 does not appear in the GOES cloud/dust procedure due to the absence of the 12.0 µm band. The spatial techniques detect a significant fraction of the remaining clouds (∼ 28 %), especially in regions of scattered cumulus clouds over the ocean. Although the impact of the temporal techniques appears very minimal in Fig. 2c , they are able to detect some lingering clouds (e.g., ∼ 40 • N, 120 • E) that could lead to artifacts in the NRT AOD composite product. Since possible dust regions can be mislabeled as cloud by our procedure due to their similar spectral characteristics, we use four dust techniques to locate pixels mislabeled as cloud and relabel them as cloud-free. The special techniques were developed based on the fact that dust regions can have strong positive 3.8-10.8 µm values similar to clouds, but are often more homogeneous than clouds while influencing 10.8-12.0 µm values less than −1 • Kelvin. A considerable number of pixels are relabeled as cloud-free in northern China. The final dust technique in Table 3 operates only on cloudfree pixels. If a pixel passes this technique, then the AOD is revised based on the LUT dust instead of the LUT cont that was assumed for each pixel during the third step. Although similar to MTSAT, the GOES dust detection technique is not as robust as the 10.8-12.0 µm test cannot be included in the GOES technique due to the absence of the 12.0 µm band. After applying the cloud/dust detection procedure, we arrive at our final cloud-cleared AOD map for this MTSAT imager scan at 05:00 UTC on 18 March (Fig. 2d) . The map shows high AOD > 1.0 associated with the thick pollution and dust plume propagating from eastern Asia to over the Pacific Ocean. Pollution and smoke plumes are also causing high AOD in regions across southern Asia. Thus, we are able to depict some features on this AOD map, but the large gaps in coverage due to clouds make it difficult to fully understand the spatial distribution of aerosols.
LEO AOD products
While retrieving AOD from the GEO imager data, we also process the Aqua and Terra MODIS AOD via the NASA LANCE data system and VIIRS AOD via the NOAA CLASS service (left side of Fig. 1 ). To help prevent poor-quality MODIS AOD from being introduced into our AOD composite maps, we use the MODIS cloud fraction parameter and quality assurance flags to ignore retrievals associated with marginal confidence and cloud cover > 70 %. We disregard poor-quality VIIRS AOD by using the quality flags to ignore retrievals where at least one pixel among the 8 × 8 pixel region is cloud-or cirrus-contaminated.
NRT AOD composites
In order to generate the NRT AOD composites, we use all the valid GEO and LEO AOD data that were processed over a 24 h period beginning 12:00 UTC each day. At the end of the 24 h AOD composite period, AOD data from the GEO and LEO sensors are regridded and averaged onto a common domain with 0.5 • × 0.5 • spatial resolution centered over the central Pacific Ocean in order to effectively track the transPacific transport of aerosols. The rather coarse 0.5 • × 0.5 • grid is suitable for our particular application where larger scale, more homogeneous aerosol plumes are the focus. We use a nearest neighbor approach to find and calculate the average of all AOD retrievals for each GEO imager that fall within each grid box. This same operation is performed for the LEO AOD retrievals. These GEO and LEO AOD composite maps are then merged together to generate the final daily AOD composite maps. When merging these composite maps, the LEO AOD is chosen to represent a grid box when both LEO and GEO AOD are available due to the higher uncertainty associated with the GEO retrievals.
In our current methodology, we do not apply techniques to account for the differences in observation times or spatial resolutions between the GEO and LEO sensors, which may lead to undesirable jumps in AOD when merging the different sensors on a common grid. However, according to the case in Sect. 4, our simplified approach does not lead to frequent AOD jumps in our daily composite product.
Results
18 March 2014
The top three panels in Fig. 3 display the daily AOD composites for the case study on 18 March 2014. The central time of the AOD composite product is 00:00 UTC, since we used satellite information between 12:00 UTC on 17 March and 12:00 UTC on 18 March to generate the product. Figure 3a is an example of the daily AOD composite with only GEO (i.e., MTSAT/GOES) retrievals, while Fig. 3b is an example with only LEO (i.e., MODIS/VIIRS) retrievals. All these satellite retrievals are combined onto the same map to generate the final version of the daily AOD composite product, which shows a more complete picture of the spatial distribution of aerosols during this 24 h period (Fig. 3c) . A massive aerosol plume extends from eastern China to almost the central Pacific region as moderate AOD of approximately 0.6 is identified around 38 • N, 165 • E. Aerosols with moderate AOD of around 0.6 are still propagating from the central China region behind the extensive cloud feature in the MTSAT 0.68 µm image, suggesting that poor air quality and visibility may plague eastern China in the short term. A fairly extensive aerosol plume is moving from southeast China to the tropical Pacific around 20 • N, 120 • E, while aerosol layers with AOD > 0.5 are impacting much of Southeast Asia (∼ 15 • N, 100 • E). It is important to note that the GEO retrievals blend into Fig. 3c rather well due to the overall good agreement in the spatial patterns of AOD between Fig. 3a and b. For example, the aerosol plume moving from Southeast China to the tropical Pacific is not fully represented using LEO AOD retrievals alone. Fortunately, the MTSAT retrievals fill this region with AOD that blends in very well with the surrounding LEO AOD. Additionally, the massive aerosol plume from eastern China is more fully represented in Fig. 3c than in Fig. 3b , since MTSAT is able to observe additional cloudfree regions among the plume.
Although the spatial patterns of AOD compare fairly well between Fig. 3a and b, some important differences exist between the maps. First, the LEO sensors are capable of providing AOD retrievals among broken clouds in the midlatitudes, while the GEO sensors generally provide a minimal number of AOD retrievals in these regions, which is tied to the much finer spatial resolution of the LEO sensors (< 1 km at nadir for the LEO sensors and > 4 km at nadir for the GEO sensors). This is highlighted by the 18 March case where the LEO sensors provide numerous AOD retrievals among the area of broken clouds around 38 • N, 165 • E while the MTSAT sensor is unable to identify any cloud-free AOD retrievals. Note this region is not within the viewing range of GOES. Second, the GEO retrievals tend to be biased low in regions where cloud cover influences overestimations in the R sfc retrievals (Fig. 2b) . Clouds tend to impact the R sfc retrievals more often in the North and central Pacific due to the decrease in spatial resolution of the GEO sensors. This is apparent around 30 • N, 137 • E in Fig. 3a and b where MTSAT AOD is about 0.2 lower than the LEO AOD. The comparison to MISR AOD in this same region suggests that the LEO AOD retrievals are more accurate as they are generally within ±0.05 of MISR, while the MTSAT retrievals are 0.05 to 0.2 lower than MISR. Note that MISR retrievals are strictly for intercomparison purposes and completely independent of the AOD composite product. Third, the GEO AOD retrievals are more prone to cloud contamination compared to the LEO retrievals, which can lead to high biases in AOD. For example, there is a general high bias in GEO AOD over the tropical Pacific in Fig. 3a due to cloud contamination influencing the retrievals. This is especially evident over parts of Indonesia (∼ 2 • N, 115 • W) where MTSAT AOD > 1.0, while LEO AOD < 0.4. MISR is void of AOD in this same region due to the extensive cloud cover. Lastly, there are large discrepancies between the AOD across Southeast Asia as indicated by the MISR overpass around 15 • N, 107 • E where the GEO and LEO AOD retrievals are as much as 0.6 and 0.3 higher than MISR, respectively. The highly uncertain AOD retrievals are attributed to the complex terrain of Southeast Asia along with the scattered cloud coverage on this day.
The CALIPSO made several transects directly over the aerosol plumes across the western Pacific and eastern Asia on 18 March. We analyze the CALIPSO transects indicated in Fig. 3c shows the 532 nm attenuated backscatter profiles from about 03:20 UTC on 18 March where moderate backscatter values are measured from an aerosol plume at approximately 3 km in height (box 1). The CALIOP Vertical Feature Mask (VFM) and aerosol subtype browse images confirmed this region of moderate backscatter as aerosol consisting of dust and polluted dust. This aerosol layer is likely interacting with the high, thick clouds to the north in Fig. 4a . The daily AOD composite product (Fig. 3c ) reveals moderate to high AOD in the vicinity of this aerosol layer. Several noteworthy aerosol plumes are measured by CALIOP during the transect at about 05:00 UTC (Fig. 4b) . First, moderate backscat- ter values are associated with an aerosol layer from about 18-24 • N (box 2). Even though the CALIPSO transect shows scattered low clouds residing beneath much of the aerosol layer, the AOD composite is still able to depict AOD ranging from 0.3 to 0.7 in this same area. Next, CALIOP measures very strong backscatter signals from the aerosol region in box 3, which is clearly shown in the composite product by the large area of AOD > 1. The CALIOP aerosol subtype algorithm labels this aerosol region as a mixture of dust and polluted dust. Finally, CALIOP measures moderate backscatter from a fairly thin aerosol plume mixed with smoke and polluted dust in box 4. A close inspection of the AOD composite reveals a confined area of AOD ∼ 0.3 in the vicinity of the aerosol plume. A couple of hours later at about 06:40 UTC CALIPSO flew directly over the very complicated scene of Southeast Asia (Fig. 4c) , consisting of clouds located within an aerosol layer (box 5) and then aerosols above terrain features (box 6). The CALIOP VFM image revealed that portions of the aerosol layer in box 5 were cloudfree, particularly near 10 • N. CALIOP measures moderate to high backscatter in these cloud-free regions, which suggests that the AOD composite values from 0.5 to 1.0 across this region represent the aerosol layers rather well. Thus, it is very likely that MISR is severely underestimating the AOD in this region, while the LEO and MTSAT AOD retrievals are performing much better. Lower backscatter is measured by CALIOP over the terrain features in box 6, and the AOD composite shows lower AOD ranging from 0.4 to 0.5 in this same area. Overall, the CALIPSO transects indicate that our AOD composite realistically represents the intensity of the aerosol plumes throughout the western Pacific and Asia.
HYSPLIT trajectory analysis
We investigate the transport pathways for three of the aerosol plumes identified in the CALIOP 532 nm attenuated backscatter profiles (boxes 1, 2, and 5) through the online HYSPLIT tool from NOAA Air Resources (http://ready.arl. noaa.gov/HYSPLIT.php) (Rolph, 2016) to calculate the forward trajectories of air parcels. Note that these trajectory calculations do not account for aerosol particulate transport processes, such as sedimentation and wet and dry deposition, which can influence aerosol pathways, especially during long-range transport events. We run HYSPLIT for an ensemble of 27 trajectories from each aerosol plume location for a 96 h period beginning at 05:00 UTC on 18 March until that same time on 22 March using National Centers for Environmental Prediction (NCEP) reanalysis meteorological data. The CALIOP attenuated backscatter profiles are used to estimate the altitudes of the three aerosol plumes, which are all around 3 km. The start altitude of the trajectory simulations is a necessary input that must be given to the NOAA HYSPLIT model when making these simulations. Figure 5 shows that nearly all the HYSPLIT trajectories initialized from position 1 (box 1) propagate the polluted dust plume to over the far eastern extent of the Pacific Ocean or over the Pacific Northwest by 22 March at 05:00 UTC. This dust/pollution plume is an excellent example of a typical trans-Pacific transport pathway via the midlatitude westerly winds (Wilkening et al., 2000) . The ensemble of trajectories initialized from position 2 (box 2) suggests that the aerosol plume is likely to move westward. A handful of trajectories show the plume moving slowly eastward, but they never make any significant headway toward North America by the end of the 4-day period. All the trajectories initialized from position 5 (box 5) located over Southeast Asia took the aerosol plume south and west of the initial position. Consequently, the possible discrepancies in AOD that can appear over Southeast Asia are not considered a significant problem when using the AOD composites to track the trans-Pacific transport of aerosols. Fig. 5 . CALIOP aerosol height information at these locations is also used to initialize the model.
23 March 2014
To confirm whether this polluted dust plume reached the western coast of North America, we generated the daily AOD composite with a central time of 00:00 UTC on 23 March shown in Fig. 6c . The daily AOD composite depicts moderate AOD of 0.4 to 0.5 over the extreme eastern Pacific, which suggests that remnants of the plume in the western Pacific experienced trans-Pacific transport. However, the majority of the HYSPLIT ensemble runs predict the aerosol plume to be further east than shown in the AOD composite with a handful of runs showing the plume over western North America by 22 March at 05:00 UTC. These differences in aerosol plume location between the ensemble runs and the AOD composite are likely attributed to the fact that the online HYSPLIT tool does not account for the sedimentation and deposition of aerosol particles. This case study shows the utility of the AOD composites for model validation and the potential benefit of using the composites for model assimilation.
The overall results in Fig. 6 are similar to those shown for the 18 March case. Again, the GEO retrievals in Fig. 6a are generally in close agreement to the LEO retrievals in Fig. 6b . Thus, the AOD composite product in Fig. 6c shows a robust spatial distribution of aerosols without encountering anomalous jumps in AOD between adjacent grid boxes. Many of the same features are revealed on the GEO and LEO AOD maps, such as the dense aerosol plume with AOD > 1.0 over eastern Asia. However, the GEO AOD retrievals reveal areas of moderately thick aerosols over northern China (∼ 40 • N, 106 • E) that are not indicated by the LEO retrievals. A nighttime CALIPSO transect on 23 March at about 19:00 UTC (not shown) measured a fairly large region of moderate backscatter from dust aerosols over this same region in northern China, which suggests that the MTSAT AOD of about 0.5 is representative of the aerosol conditions. Furthermore, the GEO sensors appear to be encountering similar issues as discussed for the 18 March case. For instance, the transported dust plume over the extreme eastern Pacific (∼ 50 • N, 135 • W) is poorly represented on the GEO AOD map due to the much lower spatial resolution of the GEO sensors com- Table 4 . The AOD coverage for the individual LEO and GEO retrievals and for the daily AOD composite product (COMP). We present the coverage statistics for 6 days, including the 18 and 23 March case studies analyzed in this paper. The number of valid AOD retrievals across our AOD composite domain along with the percent coverage based on the total number of available grid boxes are shown.
LEO coverage GEO coverage COMP coverage Case (no. pixels/%) (no. pixels/%) (no. pixels/%) pared to the LEO sensors. In addition, the GEO AOD retrievals are biased high across the tropical Pacific compared to the LEO retrievals, especially in the latitude band from 10 to 20 • N over the eastern Pacific. Nevertheless, some of the areas of elevated AOD around 0.3 depicted in the GEO map correspond well to that shown in the LEO map (e.g., ∼ 15 • N, 165 • W). Finally, MTSAT AOD is significantly lower than the LEO AOD along the coast of southeast China (∼ 25 • N, 115 • E) due to persistent cloud cover in this area throughout the 28-day period used to retrieve R sfc .
To quantitatively show the gain in spatial coverage due to the inclusion of the GEO sensors in our daily AOD composite maps, we calculate the number of valid AOD retrievals along with the percent coverage of those retrievals based on the total number of available grid boxes (70 400 grid boxes) across our composite domain. These statistics are calculated for the individual GEO and LEO AOD maps along with our final AOD composite maps that merge the GEO and LEO retrievals. We show statistics for a 6-day period, which includes the 18 and 23 March case studies presented in this paper (Table 4) . Overall, the LEO sensors provide more spatial coverage compared to the GEO sensors (67 vs. 60 %) during this 6-day period. As shown in this paper, the higher percentage for the LEO sensors is partly due to the fact that they have better coverage throughout the northern regions of the AOD composite domain. The LEO sensors also have better coverage over the central Pacific and over the far eastern and western portions of the composite domain, which is due to the limited geographical coverage of the GEO sensors. The GEO retrieval algorithms developed in this study further limit their geographical coverage by restricting θ to less than 70 • to avoid the very large uncertainties that arise at these oblique angles. Although the LEO coverage is better than GEO, introducing the GEO sensors into the AOD composite maps still leads to considerable increases in spatial coverage for our final product. For the 6-day period in Table 4 , the in- Table 5 . Location of GFS profiles used to estimate the uncertainty associated with US standard profiles in the 6SV code4. clusion of the GEO sensors improves the spatial coverage of AOD from 67 % for the LEO sensors to 81 % for our merged AOD product. The GEO sensors lead to an improvement in the spatial coverage of AOD as their high temporal resolution allows for the identification of more cloud-free and sunglintfree regions where a valid AOD can be retrieved.
Uncertainties
Atmospheric profiles
To understand the uncertainty with using temperature, water vapor, and ozone information from US standard profiles in the AOD retrieval procedure, we conducted a sensitivity analysis where atmospheric profiles from 0.5 • × 0.5 • Global Forecast System (GFS) data were input into the 6SV model. We extracted the GFS profiles from locations that represent tropical, midlatitude, and subarctic conditions during January and July 2014, and used different θ 0 , θ, and R sfc for each location to assess their impact on the uncertainty (Table 5). Figure 7a shows compares several of these GFS profiles against the US standard profile to show that vastly different atmospheric conditions are being input into the 6SV. For this sensitivity analysis, we first run the 6SV in atmospheric correction mode to retrieve ρ min for each profile, which is then used to retrieve ρ toa . Note we perform this analysis on MTSAT-2, since its spectral response function extends to slightly larger wavelengths compared to GOES-15 where water vapor absorption has a stronger impact. Overall, ρ toa is very similar between the US standard and GFS profiles in each region (Fig. 8b) , which proves that the standard profile is causing only a minimal amount of uncertainty in the AOD retrieval procedure. The uncertainty is slightly higher over subarctic locations due mostly to the much drier conditions than that in the US standard profile, but errors are still less than 1 % for an AOD of 3. Table 5 were additional inputs into the model. seven different aerosol models were tested for each case. Dust and pollution were the primary aerosol constituents during this period.
Surface reflectance (R sfc ) retrieval
A significant source of uncertainty in our study is associated with the R sfc retrievals due to the variation in solar geometry throughout the 28 day period. Overall, we found that the uncertainty in AOD increases with decreasing R sfc values. For instance, the AOD uncertainty can be as high as 17 % at R sfc values of 10 % but increase to almost 34 % at R sfc values of 5 %. Note that these values represent the maximum possible uncertainty that can be associated with a cloud-free R sfc retrieval. Nevertheless, this uncertainty is the most likely explanation for the MTSAT/GOES AOD bias found over portions of the Pacific Ocean on 18 and 23 March. When attempting to use a 21-and 24-day period for the R sfc retrievals, we noticed major issues with cloud contamination that led to significant underestimations in AOD.
Aerosol models
The most significant assumption in creating the LUTs in our GEO AOD retrieval algorithms is the selection of the aerosol model as the simulated ρ toa can vary greatly based on the optical properties of the aerosols. In order to select the 6SV aerosol models that would introduce the least amount of uncertainty in our retrieval algorithms, we conducted a detailed comparison between the observed ρ sat and simulated ρ toa using seven different 6SV aerosol models for 24 unique cases occurring over AERONET stations across eastern Asia during March and April 2014. For each case, we provide the 6SV with the R sfc retrieval value closest to the AERONET station along with precise values of θ 0 , θ , and ϕ from the MTSAT-2 imager, and AERONET 550 nm AOD. Then, we simulate the 6SV using these identical input values and compare the ρ toa values to the MTSAT-2 imager ρ sat in order to determine the aerosol model with the least amount of uncertainty. Figure 8 presents the results from each aerosol model for the 24 cases where the continental model (red) simulated the most realistic ρ toa values, as ρ sat was slightly overestimated at values less than about 16 % and underestimated at values greater than about 20 %. The average difference between ρ sat and ρ toa for the 24 cases was only −0.1 % when using the continental aerosol model leading to the lowest root mean square error (RMSE) of 1.3 % (Table 6 ). SSA retrievals from the AERONET stations across eastern Asia were often around 0.90 at 500 nm with a decreasing trend at larger wavelengths, which is nearly identical to the prescribed SSA of the continental model. Although pollution events are observed frequently over eastern Asia, we were surprised by such excellent agreement between AERONET stations and the continental aerosol model due to the fact that dust emitted from the Taklamakan and Gobi deserts is often transported over eastern Asia, especially in the early spring, which is the fo- cus of our study. This suggests that pure dust plumes, which are generally associated with SSA values of around 0.95 (Seinfeld et al., 2004; Hsu et al., 2006) , often undergo modification to a polluted dust mixture with lower SSA values after being transported over the polluted region of eastern Asia. In fact, during the polluted dust case on 18 March 2014 (i.e., Fig. 2 ), SSA data from the Xianghe AERONET site were around 0.89. We found a couple of dust plumes nearby their source region in the Taklamakan desert on 25 and 29 April 2014. The Taklamakan AERONET site retrieved SSA values from 0.93 to 0.95 for these pure dust plumes, which are comparable to that found for dust during the Asian Pacific Regional Aerosol Characterization Experiment (ACE-Asia) from 30 March to 3 May 2001. Therefore, to better represent the dust optical properties, we also incorporated the desert aerosol model into our AOD retrieval algorithm, which uses a more appropriate SSA at 500 nm of about 0.95 that increases with larger wavelengths. Overall, for the instances when our AOD retrieval algorithm correctly identifies polluted and pure dust events, Table 6 suggests that RMSEs will be minimal (∼ 1.3 %). These errors can increase to about 3.8 % for the instances when our algorithm incorrectly identifies pollution as dust or vice versa. We also observed smoke aerosols during the case studies presented in Sect. 4, which were shown to have SSA values as low as 0.85 during ACE-Asia (Seinfeld et al., 2004) . Thus, we expect similar errors (∼ 3.8 %) for instances when our continental aerosol model is used to retrieve AOD in highly absorbing smoke plumes. Note that for scenes involving pure dust plumes, the RMSEs mentioned above are more representative of lower bound error estimates due to unrealistic dust scattering properties that can arise from the 6SV Mie-scattering calculations, which can lead to higher uncertainties in AOD (Dubovik et al., 2002; Levy et al., 2007b) .
NRT AOD composites
When generating our AOD composite product, uncertainties may arise from averaging the individual GEO and LEO AOD retrievals onto a common grid (Sect. 3.6) due to differences in the AOD algorithms, spatial resolution, observation times, and viewing geometry. We expect minimal uncertainties when averaging the GEO AOD retrievals onto a common grid, since the GOES and MTSAT AOD algorithms and spatial resolutions are very similar. Additionally, there will only be a small number of instances when both GOES and MT-SAT AOD retrievals fall within the same grid box due to the limited overlap between their geographical coverage. Conversely, when averaging the MODIS and VIIRS AOD, significant uncertainties may arise due to the differences between their AOD algorithms as discussed in Sect. 2.2. Figure 9a b shows an example of the MODIS Level 2 AOD retrievals and VIIRS AOD retrievals for the 18 March 2014 case study presented in Sect. 4.1. These LEO sensors show a very similar spatial distribution of AOD throughout the domain where both retrieve AOD > 1 for the polluted dust plume extending northeast from eastern China (∼ 33 • N, 120 • E) to the Sea of Japan (∼ 36 • N, 135 • E) and AOD > 0.5 throughout much of Southeast Asia (∼ 16 • N, 100 • E). The most significant difference between the LEO AOD retrievals appears over the Korean peninsula (∼ 38 • N, 128 • E), where MODIS and VI-IRS AOD are around 0.7 and 0.5, respectively. Both algorithms utilize their dust models to retrieve AOD in this region; therefore, VIIRS is likely biased low due to the assumption of spherical dust particles in the model. Nevertheless, the correlation between VIIRS and MODIS AOD throughout this entire domain is very high (R = 0.92), which suggests that our approach of averaging VIIRS and MODIS AOD to generate the AOD composite leads to minimal uncertainties.
Validation
We validate our daily AOD composites using Level 1.5 AERONET 550 nm AOD from 15 different sites across East Asia and five different sites across the western United States during the 6-day period (18-23 March 2014) of the transPacific transport event presented in this paper. To conduct a proper validation, we calculated the average of all the available AERONET AOD retrievals for each site during the 24 h period of the daily AOD composites. Then, we use the nearest neighbor approach to find the closest composite grid box to each AERONET site. Figure 10a shows a high correlation (R = 0.87) between AERONET AOD and the daily AOD composites including only LEO satellite retrievals. The slope of the linear regression line indicates the high bias of about 0.10 in the LEO retrievals. Figure 10b shows a slightly lower correlation of R = 0.79 between AERONET AOD and our daily AOD composite product including both LEO and GEO satellite retrievals, which is not surprising considering the higher uncertainties associated with the GEO retrievals. However, the slope of the linear regression line has decreased to near 1.0 as our daily AOD composite product is associated with a high bias of only 0.024. Overall, this validation exercise has shown that the improvement in AOD spatial coverage from the inclusion of the GEO retrievals in our AOD composite does not lead to a significantly degraded product. (Table 4) . (b) Same as (a) except daily average of AERONET AOD retrievals vs. our daily AOD composite product (GEO and LEO retrievals). AERONET AOD data from 15 different sites across East Asia (red) and five different sites across the western United States (blue) were used to validate the daily AOD composites. Error bars are based on ±0.015 uncertainty for AERONET AOD retrievals, ±0.05 ± 0.15 × AOD for LEO retrievals, and 25 % uncertainty for our daily AOD composite product. The 25 % uncertainty is the average of the GEO uncertainty range (18-34 %). The linear regression lines are in solid green, with corresponding equations and correlation coefficients in the lower right corner. Thus, our composite product can be used with confidence for quantitatively tracking aerosol plumes.
Conclusion
The primary goal of this study was to generate a NRT daily AOD composite product that combines GEO and LEO satellite observations to assist with monitoring and tracking the trans-Pacific transport of aerosol plumes. In this paper, we present examples of the AOD composite product for a case study of trans-Pacific transport of Asian aerosols in midMarch 2014. Although the MODIS and VIIRS LEO satellites generally provide high-quality AOD retrievals in cloud-free scenes (excluding the polar region), they only observe the same area once during the daytime period, which increases the likelihood of cloud and sun glint contamination. This can cause gaps in daily AOD coverage as shown by the case studies presented in this paper. Thus, we take advantage of the high temporal resolution of the GOES-15 and MTSAT-2 GEO satellites by developing AOD retrieval algorithms based on the continental and desert aerosol models in the 6SV1.1 RTM. We also develop a unique cloud/dust detection algorithm utilizing spectral, spatial, and temporal techniques to disregard cloud-contaminated pixels and locate dust pixels for the desert aerosol model. Overall, when merging the GEO and LEO retrievals, we generated a daily AOD composite product that provided additional spatial coverage of AOD across our domain from Asia to North America. We showed that the coverage of aerosol plumes propagating from Asia to the western Pacific were better captured by our AOD composite product than the individual GEO and LEO products. Our AOD composite also showed increased spatial coverage of AOD across the eastern Pacific, which can assist with tracking the trans-Pacific transport of aerosols. Additionally, the incorporation of the 6SV desert model into our AOD retrieval algorithms helped depict areas of dust plumes over the Gobi and Taklamakan deserts that were not shown by the LEO products.
Although the AOD composite product showed an increase in spatial coverage of AOD across our domain from Asia to North America, we noted several issues pertaining to the GEO AOD retrievals. We showed that high biases in AOD can appear in the tropical Pacific due to cloud artifacts impacting the GEO retrievals, which were more apparent over the tropical western Pacific than over the tropical eastern Pacific. Additionally, we found low biases in AOD that were associated with cloud artifacts impacting the 28-day composite technique and R sfc retrieval procedure. The variation in solar geometry during the 28-day composite technique can also lead to uncertainties in AOD of up to 34 % over areas of minimal R sfc such as the tropical Pacific. We did not discuss uncertainties in the GOES AOD retrieval algorithm over land as we are mostly concerned with tracking the aerosol plumes during their transport to the west coast of North America. Nevertheless, our assessment of the GOES AOD retrieval algorithm over land showed that it performs adequately over the west coast of the United States.
We did not show examples of the 6-hourly AOD composite product, since the daily product is more pertinent for the focus of this paper where we track the trans-Pacific transport of aerosols. Nevertheless, it is important to note that the GEO AOD retrievals have a greater impact on this product, since LEO satellites have limited coverage across our domain during the 6 h time window. Thus, the 6-hourly product can have important implications for aerosol forecasting, as the shorter time window is more appropriate for the AOD assimilation process. Thus, the assimilation of both LEO and GEO satellite AOD retrievals can provide a more comprehensive coverage of AOD into chemistry models (e.g., Weather Research and Forecasting coupled with Chemistry (WRF-Chem)), which can help improve the representation of the simulated aerosol fields. This can ultimately improve air quality forecasts and the simulation of the aerosol-cloudprecipitation processes.
The future capability of GEO satellites for monitoring and tracking aerosol plumes will be greatly enhanced with the upcoming launch of the next-generation NOAA GOES-R and recently launched JMA Himawari-8 satellites. These advanced GEO satellites perform full disk scans every 5 min, and carry sensors consisting of 16 spectral bands with 0.5 km spatial resolution at nadir for the 0.64 µm visible band with a spectral resolution from about 0.59 to 0.69 µm. Uncertainties associated with GEO AOD retrievals will be greatly reduced when using GOES-R and Himawari-8 measurements. In addition, the much improved spatial resolution of these satellites will help track aerosol plumes across the northern Pacific. This paper showed that GOES-15 and MTSAT-2 do not have adequate spatial resolution to track aerosol plumes in the northern parts of the Pacific. The very high temporal resolution of 5 min for the new-generation satellites will also lead to a more complete understanding of the aerosol spatial distribution across the Pacific.
Data availability
Aqua and Terra MODIS AOD products are available in near-real time at https://lance.modaps.eosdis.nasa.gov/ data_products/ (NASA, 2015). The VIIRS AOD product is available at http://www.class.ncdc.noaa.gov/saa/products/ catSearch (NOAA, 2015) . AERONET AOD data are accessible at http://aeronet.gsfc.nasa.gov/ (NASA, 2016) . MISR AOD and CALIPSO data products are both accessible via the Atmospheric Science Data Center at NASA Langley Research Center: https://eosweb.larc.nasa.gov/ (ASDC, 2015). The online HYSPLIT tool from NOAA Air Resources is available at http://ready.arl.noaa.gov/HYSPLIT.php (ARL, 2016) .
